adaptation of this methodology for the generation of viral knocks-in specific regions of the viral 35 genome. Analysis of the generated mutants revealed that the edition efficiency and the type of 36 changes was variable but relatively high. Depending on the targeted gene, the rate of edition 37 ranged from 10% to 40%. This study established the first report revealing the potential of 38 CRISPR/Cas9 for the edition of baculovirus contributing to the engineering of baculovirus as 39 protein expression vector as well as a biological control agent. 40 Keywords: CRISPR/Cas9, baculovirus, AcMNPV, genome editing, knock-out, knock-in 41 42 43 with the virus (3). During their viral biphasic life cycle, baculoviruses produce two distinct virion 49 phenotypes: occlusion derived viruses (ODV) and budded viruses (BV). While ODV are 50 involved in horizontal virus transmission from insect to insect through structures named 51 occlusion bodies (OB) which have the virus embedded within, BV are involved in spread of the 52 infection from cell to cell (4). 53
Abstract 23
The CRISPR (Clustered Regularly Interspaced Short Palindromic repeats) system associated 24
Cas9 endonuclease is a molecular tool that enables specific sequence edition with high 25 efficiency. The edition using CRISPR/Cas9 system has been successfully reported in small and 26 large viral genomes. In this study, we have explored the use of CRISPR/Cas9 system for the 27 edition of the baculovirus genome. We have shown that the delivering of Cas9-sgRNA 28 ribonucleoprotein (RNP) complex with or without DNA repair template into Sf21 insect cells 29 through lipofection might be efficient to produce knocks-out as well as knocks-in into the 30 baculovirus. To evaluate potential application of our CRISPR/Cas9 method to improve 31 baculovirus as protein expression vector and as biopesticide, we attempted to knock-out several 32 genes from a recombinant AcMNPV form used in the baculovirus expression system as well as 33 in a natural occurring viral isolate from the same virus. We have additionally confirmed the 34
INTRODUCTION 44
Baculoviruses are rod-shaped DNA viruses with double stranded circular genome that infect 45 invertebrates, particularly insects of the order Lepidoptera (1). They are widely used as 46 biopesticide as well as versatile and powerful vector for recombinant protein expression (2). In 47 nature, the baculovirus mainly infects Lepidoptera larvae when they feed on plant contaminated 48 vitro replication of AcMNPV can enhance the expression of recombinant proteins (11, 12) . 67
Another strategy implemented has been the addition of heterologous genes into de viral genome 68 with valuable properties for protein production (7) . 69
The baculovirus expression vector system (BEVS) has become a powerful platform to produce 70 large quantity of recombinant proteins both in insect cells (Sf21, Sf9 and High Five™ cells) as in 71
Lepidoptera larvae. The recombinant virus was originally obtained by replacing the polyhedrin 72 gene from AcMNPV by co-transfection in insect cells with a viral genome and a donor plasmid 73 (13). Different improvements have been developed to optimize the method for the generation of 74 recombinant baculovirus. A remarkable success was the construction of the first bacmid that 75 contained the whole AcMNPV genome and could can be propagated in Escherichia coli cells 76 (14). The system, commercialized as Bac-to-Bac® system, is based on the introduction of a 77 heterologous gene from a shuttle vector to the bacmid by transposition, producing a 100% 78 recombinant progeny. 79
In the last years, multiple approaches for viral genome engineering have been develop. Among 80 the diverse genome editing technologies available, the clustered regularly interspaced short 81 palindromic repeats-Cas9 system (CRISPR/Cas9) appears as the most successful tool for editing 82 large viral genome (15). The system consists of a Cas9 endonuclease from Streptococcus 83 pyogenes that cleaves double-stranded DNA (dsDNA) and an RNA complex (sgRNA) that direct 84 sequence-specific dsDNA cleavage by Cas9. The double-strand break (DSB) are recognized and 85 repaired by the cell endogenous mechanisms through non-homologous end joining (NHEJ) that 86 6 Sequencing analysis revealed the successful edition of several clones of each of the targeted 113 genes ( Table 2 ). The edition efficiency and the type of changes was variable. Depending on the 114 targeted gene, the rate of edition ranged from 10% to 40% of the analyzed clones. All the edited 115 viruses had a deletion on the targeted gene, except for the F-Protein#1 that showed an insertion 116 of 125 nucleotides and ODV-E26#1 that contains a deletion of 4 nucleotides and an insertion of 117 16 nucleotides (Table 2 ). Except for one clone (ODV-E26#1), all the edited genes had a deletion 118 located at the expected region (adjacent to the PAM site). In agreement with the strand targeting 119 by the sgRNA (Table 2) , all the deletion at the ODV-E26 gene were located down-stream from 120 the PAM sequence, while deletion for the other genes were located up-stream from the PAM 121 sequence. The effect of edition on the predicted protein was diverse. The different editions 122 introduced frameshift mutations producing early stop codons (ODV-E26#2-4, F-Protein#1, 123 p74#1, Ac18#1, and egt#2-4) or produce changes and deletion of few amino acids in the 124 predicted protein (ODV-E26#1, Ac18#2, and egt#1) ( Table 2) . 125 126
Effect of mutations on viral replication and recombinant protein production 127
To compare the performance of the individual viruses in cell culture we focused on the mutants 128 with a stop codon or a frameshift mutation derived from the edition of the recombinant virus 129 (derived from Bac-to-Bac® system) and expressing the GFP protein under the pSeL promoter. 130 7 and the GFP activity was measured. No statically significant differences between the control and 136 the mutants were found (p-value > 0.05) suggesting that knock-out of those genes does not have 137 major effect on the recombinant protein production in cell culture. 138
Insect larvae can be used as an inexpensive alternative to fermentative technologies for protein 139 production (7). We tested the effect of the previous mutations in protein production in S. exigua 140 larvae. Last instar larvae were infected by intrahemocelical injection with the AcMNPV mutants. 141 72 hours post-infection, GFP expression was estimated by measuring the fluorescence intensity 142 from the cellular extracts of the larvae (Fig. 3 ). No differences in GFP production were observed 143 for the F-protein, p74, and Ac18 knocks-out. Although, all the ODV-E26 mutants showed 144 protein expression values above the control viruses, only the values for the ODV-E26 #1 and 145 ODV-E26 #3 had statistically significant differences, with GFP production values of at least five 146 times higher than larvae infected with the control virus. Simultaneous quantification of the 147 different ODV-E26 clones together reported a significant increase of about 5-fold in protein 148 production ( Fig.3) . These results revealed that simple knock-out of ODV-E26 using the 149 CRISPR/Cas9 can be used to increase the recombinant protein yield in insect larvae. 150 151
Insecticidal activity of AcMNPV mutant 152
We have additionally showed the generation of CRISPR/Cas9 knocks-out on the wild type 153
AcMNPV. Next, we tested if such viruses could become a recombinant free alternative to 154 improve the insecticidal properties of baculovirus. Bioassays were performed to evaluate the egt 155 mutants in vivo. Although we obtained different egt mutants (Table 2) , the bioassay was 156 restricted to the mutant egt#2 (AcMNPV-Δ49egt), which introduced an early stop codon and a 157 frameshift mutation and to the wild-type (AcMNPV-WT) as control. At the tested concentration, 8 no differences in mortality (pathogenicity) was observed between both viruses ( Fig. 4 ), however, 159 as expected from previous EGT mutants (20, 21) the virulence (time needed to kill the insects) 160 was slightly higher for the AcMNPV-Δ49egt ( In this study, we have shown the potential of using the CRISPR/Cas9 technology for the edition 181 of baculovirus genomes to improve its use as protein expression system as well as insecticidal 182 agent. Gene edition using CRISPR/Cas9 system has been recently reported in other viral 183 genomes with biomedical implications such adenovirus (ADV) (22), type I herpes simplex virus 184 (HSV-1) (15, 23), HIV-1 provirus (24), Epstein-Barr virus (25) and Human Cytomegalovirus 185 (26). Our procedure has shown that baculovirus can also be edit with this system showing 186 relatively high efficiency in the generation of random deletions or insertions in all targeted genes 187 as well as specific gene insertions on the targeted loci. 188
Our procedure has shown efficient edition of all the genes that were initially targeted, though the 189 efficiency was variable and ranged from 10 to 40% depending of the targeted gene. Since the 190 transfection reactions were not systematically replicated, observed variability could be just 191 caused by the stochastic variation or other factors such as the targeted sequence and the selected 192 sgRNA (23). Although all the used sgRNA were validated in vitro and showed equivalent 193 efficiency, the in vivo efficiency could depend on other cellular factors associated to the viral 194 replication and the cellular repair after cleavage. It has been shown that in vivo efficiency can be 195 improved using dual or multiplex sgRNA strategy (27). It would be interesting to test if the 196 simultaneous use of multiple sgRNA targeting the gene of interest could increase the efficiency 197 in the edition of baculovirus. 198
One of the advantages of the CRISPR/Cas9 technique lies in the existence of many alternative 199 strategies for the delivering of the components into the nucleus (28). In our study, we transfected 200 the RNP and viral DNA complex together into cells and isolated the initial viral progeny. This 201 strategy has some advantages that could have contributed to the successful edition. First, RNP 1 0 complex has easy access to the viral DNA due to simultaneous entry into the nucleus. Second, 203 the risk of generating off-target mutations is reduced because ribonucleoprotein complexes have 204 short half-life in the nucleus (29-31). In addition, in case of viral fitness-cost associated to the 205 introduced mutations, the isolation of the initial progeny prevents further dilutions of the 206 generated mutants with the non-edited genotypes. 207
In this study, we exploited the CRISPR/Cas9 system to engineering AcMNPV genome for 208 different applications. We knocked-out non-essential genes for viral survival or infectivity in cell 209 culture aiming to increase the production of recombinant proteins. We have shown that knock-210 out of the ODV-E26 gene, although does not enhances protein production in cell culture, had an 211 important increase in GFP expression in S. exigua larvae. The molecular function of the ODV-212 E26 protein is unknown, but it has been shown to interacts with the IE0 and IE1 transcription 213 factors of AcMNPV (4, 32). These two factors are fundamental for the replication of the virus 214 since they are the main regulators and activators of transcription. It was described that the 215 binding sites for IE0 and IE1 in ODV-E26 are between amino acids 126-153 and 72-99 216 respectively. It was hypothesized that the function of ODV-E26 could be the regulation of these 217 2 factors, and as a consequence of ODV-E26 knock-out, the IE0 and IE1 levels increase, 218 contributing to the increase in expression of certain genes. In the present work the RNP produces 219 a cut-off between amino acid 23 and 24 and although some of the clones obtained had an early 220 stop codon or a frameshift mutation that affects the presence of the, the IE0 and IE1 binding 221 sites. However, ODV-E26#1 is not directly affected on the IE0 and IE1 binding sites and shows 222 a significant increase in protein production in the larvae. 223
The other knocked-out genes did not show effect on the protein expression in cells or larvae. 224
Nevertheless, our results have confirmed that their function is not essential for viral replication 1 1 of the virus and open the possibility of using our procedure to test for simultaneous knocks-out 226 of these or additional non-essential genes for the enhancement in the protein production. 227
Previous studies have shown that single, as well as multiple deletion of certain viral genes, can 228 increase the production of recombinant protein without affecting the cell viability. Different 229 studies have shown that deletion of the v-cath and chiA genes, two enzymes responsible for the 230 liquefaction of infected larvae improve the expression and stability of the recombinant proteins 231 (11, 33-35). Latter improvements of these genomes were obtained by additional knocks-out of 232 other non-essential genes for in vitro replication as p26, p10 and p74 (12). Due to the simplicity 233 of the method reported here, procedures for systematic knock-out of all the AcMNPV predicted 234 loci could reveal additional know-outs with enhanced protein productions. 235
Alternative strategy for the enhancement of protein production with baculovirus have been 236 focused on the addition of certain genes into the viral genome. An example is the introduction of 237 vankyrin genes from an insect virus Campoletis sonorensis ichnovirus (Fath-Goodin et al. 2009) 238 that delays lysis of the infected cells, and an increased time for the expression of recombinant 239 proteins. In another hand, glycosylation performance has also been improved by the 240 simultaneous expression of glycosyltransferases (36, 37). Given the relatively high success rate 241 obtained the gene knock-in presented in this work, our procedure could be easily applied for the 242 simultaneous or serial insertion of those genes enhancing the expression, stability or properties of 243 the recombinant proteins. 244
We have additionally shown the application of our procedure for the edition of wild type viruses 245 and the generation of non-GM (genetically modified) viruses with potential applications in pest 246 control. As a prove of concept we have targeted the egt locus. Previous studies have revealed the 247 potential of truncation of this gene for the improvement of the insecticidal properties of water. Finally, the mix was incubated at 37 ºC for 5 minutes and stored at 4 ºC. Efficacy of each 311 RNP complex was previously analyzed using in vitro Cas9 digestion (data not shown). One 312 microgram of purified viral DNA was co-transfected with 10 µl of the RNP complex Sf21 cells 313 at 70% confluence in Grace's Medium without FBS by using Cellfectin® II Reagent 314 (Invitrogen). After 5 hours of incubation at 27 ºC, the medium was replaced by Grace's medium 315 supplemented with 10 % FBS and incubated for 72 hours at 27 ºC. The transfection efficiency 316 was confirmed by microscopic observation of GFP (for the pSeL-GFP-AcMNPV) or the 317 presence of viral occlusion bodies (for the wt-AcMNPV). The supernatant containing the virus 318 was cleaned by centrifugation at 500 x g and then stored at 4 ºC. 319
Individual viruses derived from each transfection event were isolated from the supernatants 320 (containing a mixture of edited and non-edited viruses) by plaque assay (O´Reilly et al, 1994) . 321
The individual clones were amplified in Sf21 cells and a fraction (50 μl) was treated with 322 PrepMan® Ultra reagent (Applied Biosystems™, Foster city) and used for PCR amplification of 323 the targeted region using specific primers (Table 3) . PCR products were purified and sequenced 324 by Sanger sequencing to confirm the presence of mutations in the PAM-flaking region. Edited 325 baculoviruses were further amplified to high-titer stocks in Sf21 cells. Viral stock used in 326 subsequent studies were tittered by qPCR using specific primers for the viral DNApol 327
( Supplementary Table 1) 
In vivo evaluation of AcMNPV-Δegt mutant 375
For the production of viral OBs, The Sf21 cells culture (6x10 6 cells) were infected with wild-type 376 AcMNPV (strain C6) and egt edited virus at MOI 1 until most of cells were lysated. The 377 resulting OBs and remaining cells were collected by centrifugation at 1,000 x g for 5 minutes 378 and resuspension in 0,1 % SDS. The cell lysates containing the viral OBs were loaded over 40 % 1 8 sucrose solution and centrifuged at 30,000 x g for 30 minutes, the pellet was washed with water 380 and centrifuged at 2,000 x g for 5 minutes. Finally, the pellet OBs were suspended in water and 381 quantified using a Neubauer chamber. 382
Bioassays were performed in third instar S. exigua using the droplet feeding method (48). Stock 383 suspensions of viral polyhedral (2x10 8 OBs/ml) were diluted, in a solution of 10 % sucrose and 1 384 % phenol red stain. Larvae were reared at 26 °C and mortality was recorded each 12 hours until 385 all larvae had died. The bioassay was performed side-by-side for the two viruses (AcMNPV-Δegt 386 and wt AcMNPV) and independently repeated three times. Mortality curves were assessed using 387 the Kaplan-Meier method, and compared using the log rank analysis (Mantel-Cox test) using 388
GraphPad Prism software (GraphPad Software Inc., USA). 389
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